Introduction
Striated muscle fibers are large multinucleated cells with highly ordered cytoplasmic organization (Squire, 1997; Sparrow and Schöck, 2009) . Cellular organelles such as mitochondria and myonuclei are evenly spaced along the entire muscle fiber and are separated from the bulk of the cytoplasm, which contains densely arranged myofibrils. The mechanisms establishing and maintaining this highly ordered distribution of organelles and its relevance to muscle function has not yet been elucidated.
In a variety of cell types, a family of KASH domain proteins promote positioning of nuclei as well as mitochondria (Crisp et al., 2006; Fridkin et al., 2009; Starr and Fridolfsson, 2010; Mellad et al., 2011; Razafsky et al., 2011; Starr, 2011) . KASH domains insert into the outer nuclear membrane and associate across the perinuclear space with SUN domain proteins in the inner nuclear membrane. This pairing brings about a mechanical linkage between the nucleoskeleton and the cytoskeleton (LINC complex; Crisp et al., 2006; Wilhelmsen et al., 2006) . KASH proteins interact with actin, microtubule (MT) motor proteins, and/or intermediate filaments through their N-terminal domains (Morris, 2000; Tran et al., 2001; Starr and Han, 2002; Zhen et al., 2002; Padmakumar et al., 2004; Wilhelmsen et al., 2005; Roux et al., 2009) , whereas SUN proteins associate with nuclear lamins via their C-terminal region (Crisp et al., 2006; Haque et al., 2010) .
Previous studies in C. elegans and mice have suggested additional important roles of KASH and SUN proteins in muscles, particularly in the positioning of myonuclei and mitochondria (Starr and Han, 2002; Zhang et al., 2007b) . For example, mice lacking the KASH domains of both Nesprin/syne-1 and Nesprin/syne-2 exhibit lethality shortly after birth. Nevertheless, the primary cause of their death appeared to be associated with aberrant alveolus sac morphology, resulting in respiratory S triated muscle fibers are characterized by their tightly organized cytoplasm. Here, we show that the Drosophila melanogaster KASH proteins Klarsicht (Klar) and MSP-300 cooperate in promoting even myonuclear spacing by mediating a tight link between a newly discovered MSP-300 nuclear ring and a polarized network of astral microtubules (aMTs). In either klar or msp-300 KASH , or in klar and msp-300 double heterozygous mutants, the MSP-300 nuclear ring and the aMTs retracted from the nuclear envelope, abrogating this even nuclear spacing.
Anchoring of the myonuclei to the core acto-myosin fibrillar compartment was mediated exclusively by MSP-300. This protein was also essential for promoting even distribution of the mitochondria and ER within the muscle fiber. Larval locomotion is impaired in both msp-300 and klar mutants, and the klar mutants were rescued by muscle-specific expression of Klar. Thus, our results describe a novel mechanism of nuclear spacing in striated muscles controlled by the cooperative activity of MSP-300, Klar, and astral MTs, and demonstrate its physiological significance.
Organelle positioning in muscles requires cooperation between two KASH proteins and microtubules MSP-300 mutant lacking only the KASH domain, both the MSP-300 nuclear ring and the astral MT dissociate from the myonuclei; these nuclei remain anchored to the acto-myosin myofibrils, but their even spacing is lost. Nuclear anchoring to the core myofibril compartment is mediated solely by MSP-300 KASH-independent isoforms. Similarly, MSP-300 but not Klar promotes the anchoring and spacing of the mitochondria and ER within the muscle fiber. Significantly, we show that larval locomotion is impaired in both msp-300 and klar mutants, and the latter can be rescued by muscle-specific Klar expression. These results provide a mechanistic explanation for myonuclear positioning in striated muscles and demonstrate that this mechanism differs from that operating at earlier developmental stages in myotubes before the development of muscle sarcomeric architecture.
Results

Differential localization of MSP-300 and Klar in muscle fibers
MSP-300 is highly expressed in striated muscles of third instar larvae (Volk, 1992) . We used flat open larvae to reveal its fine subcellular distribution in muscles by colabeling MSP-300 with various organelle markers. MSP-300 showed extensive overlap with Sallimus/D-Titin along the Z-discs (Fig. 1 B) . Notably, MSP-300 was also detected in a ring-like structure that surrounds each myonucleus and is located close to the sarcolemma (Fig. 1 , A, B, and C). Co-labeling of MSP-300 with the mitochondrial marker ATP-synthase showed that the mitochondria were adjacent to the Z-discs, and in addition, were enriched around each nucleus (Fig. 1, D and D) . Similarly, a marker for the ER exit sites (anti-dsec16) showed a specific dotted pattern observed along the Z-discs, as well as around each nucleus, but did not fully overlap with MSP-300 (Fig. 1 , E and E). In contrast, staining with anti-Klar (Fig. 1 G) or labeling with Klar-GFP ( Fig. 1 F) showed a single subcellular distribution that overlapped the nuclear envelope. Remarkably, a MT astral network surrounded each nucleus (Fig. 1 F) , with their plus ends (labeled with anti-EB1) facing the nuclear membrane (Fig. 1 H) .
In summary, the two Drosophila KASH proteins exhibit unique subcellular distributions: MSP-300 is associated with both the nuclear membrane and Z-discs, whereas Klar is located around the nuclei. Next, we examined the contribution of MSP-300 and Klar to myonuclei positioning. We used the alleles klar 1-18 , which deletes the entire klar locus, and msp-300
3
, which deletes roughly half of the 3 region of the msp-300 locus (for molecular details of these alleles, see Fig. S1 ). We found that both klar and msp-300 mutant larvae exhibited aggregation of the myonuclei and aberrant nuclear shape, as well as variable nuclear failure; this lung phenotype complicates the interpretation of the contribution of these proteins to muscle function in a later stage (Zhang et al., 2007b) . Double SUN-1 and SUN-2 knockout mice also die soon after birth; however, their lethality could be rescued by neuronal-specific expression of SUN-1 , casting doubt on the contribution of the KASH-containing isoforms to muscle function. However, because muscle performance was not tested directly in these mice, specific muscle defects cannot be excluded. It also appears that the genetic background of knockout mice is important for the penetrance of the phenotype in muscles, as in a later study, knockout of the Nesprin-1 KASH domain on a different genetic background resulted in 50% lethality, and the surviving mice exhibited progressive muscle wasting and abnormal gait . Similarly, knockout mice lacking the C-terminal spectrin repeat region of Nesprin-1 showed 60% lethality and muscle abnormalities , which suggests a critical function of KASH proteins in proper muscle function. Thus, although mispositioning of nuclei and mitochondria in muscles has been described, the contribution of this phenotype to muscle function has not been established (Starr and Han, 2002) . In all, the distinct contribution of KASH proteins as well as their possible cooperation, and the biological significance of their activities for muscle function, are not clear, primarily because of the combinatorial coexpression of KASH proteins in muscles, as well as in nonmuscle tissues.
Recent genetic analyses have implicated Nesprins in various human myopathies. For example, Nesprin/Syne-1 or Nesprin/Syne-2 are associated with Emery-Dreifuss muscular dystrophy (EDMD; Puckelwartz et al., 2009 ) and other myopathies (Zhang et al., 2007a; Attali et al., 2009 ) as well as severe cardiomyopathies (Puckelwartz et al., 2010) . It is therefore critical to elucidate the specific function and mechanism of action of Nesprins in muscle tissue.
Drosophila melanogaster express two known KASH domain proteins, MSP-300 and Klarsicht (Klar). Klar is expressed in a wide range of tissues and has been shown to be essential for positioning of photoreceptor and cone cell nuclei in the developing eye and for the transport of lipid droplets in early embryos (Welte et al., 1998 Fischer et al., 2004; Patterson et al., 2004; Guo et al., 2005; Xie and Fischer, 2008) ; MSP-300 is not required for these processes (Xie and Fischer, 2008) . Both proteins are expressed in striated muscles, but their contribution to organelle distribution and muscle function has not been previously reported. In larval stages, MSP-300 is specifically expressed in muscles and not in the nervous system; thus, its impact on muscle performance can be directly studied. Klar is expressed in other tissues, but its muscle-specific function can, in principle, be deduced by muscle-specific rescue experiments. Therefore, unlike mammalian KASH proteins, it is possible to dissect the function and individual contribution of MSP-300 and Klar to muscle performance in great detail.
In this paper, we show that MSP-300 and Klar act together to promote even spacing of the myonuclei at the periphery of striated muscle fibers by mediating a tight association between a nuclear ring structure of MSP-300 and the plus ends of a unique astral MT network. In the absence of Klar, or in an KASH proteins in promoting nuclear spacing but not in mediating nuclear anchoring.
These results indicate that MSP-300 and Klar collaborate to promote even spacing between myonuclei; yet, MSP-300 uniquely directs myonuclei anchoring to the myofibrillar domain. Both klar and msp-300 genes produce KASH as well as non-KASH protein isoforms (according to genome databases; Guo size (Fig. 2 , B, C, F, G, and I). Orthogonal confocal optical sections showed that in contrast to wild-type and klar mutant muscles, in which the nuclei were tightly associated with the myofibril compartment (Fig. 2 , E, F, and H), in msp-300 3 mutant muscles the myonuclei dissociated from the core actomyosin compartment and floated above it (Fig. 2 G) . Interestingly, when we simultaneously reduced the dosage of both Klar and MSP-300 (using heterozygous flies for a complete deletion of MSP-300 [msp-300 coml ] and klar 1-18 ), myonuclei were aberrantly positioned, but still associated with the acto-myosin network. Reduction of the expression of either Klar or MSP-300 alone had no nuclear positioning phenotype (unpublished data). Thus, there is a significant genetic interaction between the , two alleles that specifically lack the KASH domains of MSP-300 and Klar, respectively. Larvae homozygous mutant for Nuclear aggregation and variable nuclear sizes are observed in all mutant combinations. (I) Measurements of the nuclear perimeter in wild-type, klar, and msp-300 mutant muscles shows that in both mutants the nuclear size is significantly smaller (***, P < 0.0001). Orthogonal confocal cross sections of the region labeled by the white line in the projection images presented in E, F, G, and H are shown in E. F, G, and H are shown at twofold magnification. Note that nuclear detachment from the acto-myosin compartment labeled with phalloidin is observed uniquely in msp-300 3 mutant muscle. Corresponding schemes of the orthogonal sections of wild-type or mutant muscles are shown in the lower panels. Error bars indicate ±SE. Bars, 10 µm. Figure 3 . MSP-300 and Klar cooperate to connect the MSP-300 nuclear ring to the nuclear envelope, a process required for nuclear spacing. (A-K) Striated larval muscles of wild type (WT; A, F, and F), msp-300 KASH (B, G, and G), klar cd4 (C, H, and H), klar cd4 ;msp-300 KASH double mutant (D, I, and I), or klar 1-18/+ ;msp-300 3/+ double heterozygous mutant (J and J). Arrowheads mark the MSP-300 nuclear ring. Muscles were labeled with anti-MSP-300 (red) and anti-lamin (green). Note that the MSP-300 nuclear ring dissociates from the nuclear envelope in msp-300 or in klar mutants lacking only the KASH domain, as well as in the double heterozygous klar;msp-300 mutants, whereas the ring disappears in the double klar;msp-300 KASH knockout mutants. Dissociation of the MSP-300 nuclear ring correlates with the severity of the nuclear spacing phenotype, summarized in K. ***, P < 0.0001. muscle fiber (Fig. 4, E-E) . Collectively, these results support a cooperative function of MSP-300 and Klar KASH domains in mediating the astral organization and association of the MTs to each myonucleus.
MSP-300 is essential for anchoring the mitochondria and ER to the Z-discs, whereas Klar is dispensable
To further elucidate the role of MSP-300 and Klar in the proper distribution of the mitochondria and ER within the muscle fiber, we used anti-ATP-synthase and anti-ER exit site-specific protein (dsec16). In wild-type larvae, the mitochondria accumulate around each nucleus, as well as along the Z-discs (Fig. 1, D and D) , and the staining for the ER exit site also appears along the Z-discs and surrounding each nucleus (Fig. 1, E and E). Muscles from larvae homozygous mutant for msp-300 3 showed mitochondrial as well as ER aggregation (Fig. 5, C and F) , whereas klar 1-18 mutants (Fig. 5 , B and E), as well as msp-300 KASH (not depicted) displayed normal distribution of both organelles.
These results suggested a major functional difference between MSP-300 and Klar in promoting organelle distribution; MSP-300 is required for their correct distribution, whereas Klar is dispensable for these processes.
D-Titin/Sallimus recruits the 800-kD isoform of MSP-300 to the Z-discs
The results so far suggest a critical and unique function for MSP-300 in anchoring nuclei, mitochondria, and ER structures to the Z-discs, in addition to its cooperative activity with Klar in nuclear spacing. To address the mechanism recruiting MSP-300 to the Z-discs, we immunoprecipitated MSP-300 from larval muscles and screened for the presence of Z-disc-specific proteins in the precipitated material. We found that a specific 700-kD isoform of D-Titin/Sallimus coprecipitated with MSP-300 (Fig. 6 E) . The relatively low amount of D-Titin in the precipitated sample suggests that only a small fraction of this protein interacts with MSP-300.
This interaction is functionally important. MSP-300 localization along the Z-discs was significantly abrogated in sallimus mutant muscles, and consistent with these results, myonuclei were not properly distributed (compare Fig. 6 C to Fig. 6 A) . In contrast, D-Titin/Sallimus localization along the Z-discs of msp-300 3 mutant muscles was only slightly affected (compare Fig. 6 D to Fig. 6 B) , which suggests that MSP-300 depends on D-Titin/Sallimus for its proper localization at the Z-discs, and not vice versa. Significantly, the sarcomeric organization of the msp-300 3 mutant muscles was retained, as shown by Sallimus staining. Thus, the aggregation of the muscle organelles in msp-300 3 mutant is not secondary to sarcomeric disorganization, which supports the direct involvement of MSP-300 in promoting correct distribution of these organelles.
Proper myonuclear positioning is essential for correct larval locomotion
To address whether proper myonuclei positioning contributes to muscle function, we developed an assay to measure larval weaker than that of klar 1-18 (compare Fig. 2 B to Fig. 3 C) . Larvae double mutant for both klar cd4 and msp-300 KASH exhibited a significantly more severe nuclear mispositioning phenotype than each of these single mutants (Fig. 3 K) , but in each of these cases the nuclei remained connected to the myofibrillar domain (not depicted), which suggests either parallel or cooperative function of both proteins in directing nuclear spacing.
We noticed that the MSP-300 nuclear ring dissociated from the nuclear envelope in both msp-300 KASH and in klar mCD4 homozygous mutants (compare Fig. 3 , G and H, to Fig. 3 F) . Because the nuclear ring is still detected by the antibody (raised against the spectrin repeats domain) in msp-300 KASH mutants, we assumed that the ring itself is comprised of non-KASH sequences. Interestingly, the ring structure was entirely lost in the double msp-300 KASH ;klar CD4 mutants (Fig. 3 I) , which suggests that Klar as well as MSP-300 KASH-containing isoforms function to attach the ring to the nuclear envelope. In support of a cooperative activity between both KASH proteins in linking MSP-300 nuclear ring to the nuclear envelope, muscles from double heterozygous msp-300 complete/+ ;klar cd4/+ animals exhibited dissociation of the MSP-300 nuclear ring (Fig. 3, I and J) in parallel to the aberrant nuclear spacing shown in Fig. 2 D. Moreover, in an attempt to evaluate whether MSP-300 and Klar associate in a protein complex, we performed an immunoprecipitation experiment with anti-MSP-300 antibodies from larval muscles and showed that Klar coimmunoprecipitated with MSP-300 (Fig. 3 L) .
These results indicate that the MSP-300 nuclear ring is anchored to the nuclear envelope through the cooperative activity of both MSP-300 and Klar KASH domains, and suggest that this ring represents a key structure in promoting nuclear spacing at the periphery of the muscle fiber.
MSP-300 and Klar mediate the attachment of the astral MT to the nuclear membrane
The peripheral localization of both the MSP-300 nuclear ring and astral MT prompted us to examine possible links between the two structures. In wild-type larval muscles, we found that the MSP-300 nuclear ring often overlapped with -tubulin staining, which showed accumulation around the nucleus (Fig. 4 , A-A). In klar 1-18 , the network of the astral MT dissociated from the nucleus and often overlapped the MSP-300 nuclear ring (Fig. 4, B-B) . Similarly, in msp-300 KASH , we detected dissociation of the MT from the nuclear envelope that overlapped with the MSP-300 nuclear ring (Fig. 4, C-C) , as well as in msp-300 compl/+ ;klar 1-18/+ double heterozygotes (Fig. 4, D-D) . Thus, the association of the astral MT with the nuclear membrane depends on the cooperative function of both MSP-300 and Klar. Interestingly, we detected a partial overlap between the dissociated MT and the MSP-300 nuclear ring (arrowheads in Fig. 4 , B, C, and D) observed in the various mutants. We therefore suggest that in the wild type, the MTs associate with MSP-300 in a KASH-independent manner; Klar as well as MSP-300 KASH domains connect both the MT and the MSP-300 ring to the nuclear envelope. Deletion of most of the spectrin repeats domain of MSP-300 (as in msp-300 3 ) leads to complete disruption of MT organization at the periphery of the Organelle positioning in muscles • Elhanany-Tamir et al.
results, we also found that adult flies homozygous for msp-300 3 or for klar 1-18 are unable to fly. Because Klar is expressed in various tissues, it is crucial to evaluate whether its effect on larval locomotion is musclespecific. To this end, we rescued klar 1-18 mutant larvae with muscle-specific expression of Klar-GFP (using a mef2-GAL4 driver). Myonuclei positioning in these larvae was fully rescued (compare Fig. 7 , B-D, and Fig. 7 E) . Significantly, larval locomotion was restored in these larvae to wild-type levels (Fig. 7 A) . We therefore concluded that in Drosophila larvae, proper myonuclei positioning is absolutely required for correct muscle function. However, when additional organelles such as mitochondria and ER are mispositioned (as is the case in MSP-300 3 mutant larvae), the degree of disruption of muscle function is significantly extended. locomotion using video cameras that followed larval movements in a given time period (see Materials and methods). First we compared wild-type larvae with klar 1-18 mutant larvae and found that the homozygous mutants exhibited 50% reduction in their motility relative to wild-type larvae (Fig. 7 A) , which supports the notion that even nuclear positioning is essential for correct motility. Remarkably, MSP-300 3 mutants showed 70% reduction in their motility relative to wildtype larvae (Fig. 7 A) , presumably reflecting the combined activity of this protein on mitochondria, ER, and myonuclear positioning. Assuming that the reduced motility of the larvae reflects aberrant muscle function, these experiments demonstrate that nuclear positioning is essential for correct muscle function, and that additional displacement of the mitochondria and ER worsen larval locomotion. Consistent with these four dorsal muscles DA1, DO1, DA2, and DO2 at stage 16 of embryonic development before muscle sarcomeric organization, as well as in third instar larvae in which sarcomeric organization has been established. The nuclei underwent significant rearrangement after the establishment of sarcomeric organization (Fig. S2 ). This suggested that the mechanism promoting nuclear positioning in muscles before and after sarcomerization might be different. We therefore further dissected the position
Nuclear positioning in nonstriated myotubes depends solely on Klar activity
Drosophila muscles acquire their stereotypic sarcomeric architecture in which the acto-myosin network is arranged in striated fashion only toward the end of embryogenesis; however, a typical organization of the myonuclei is evident several hours earlier, shortly after the formation of the myotendinous junction (MTJ; Fig. S2 ). We analyzed the pattern of myonuclei in the 
Discussion
In this paper, we show for the first time cooperative, as well as unique, activities of the two Drosophila KASH proteins MSP-300 and Klar in promoting even spacing and anchoring of myonuclei in striated muscle fibers. A novel MSP-300 nuclear ring assembles and anchors the MTs to the nuclear envelope in a Klar-and MSP-300 KASH-dependent manner, mediating MT astral organization around each nucleus. We suggest that the astral MT associated with each myonucleus, forming a basic unit, which in the steady-state holds each nucleus in place.
of myonuclei in msp-300, klar, and klaroid mutants in embryonic muscles. Indeed, we found that myonuclei positioning is aberrant in klar 1-18 homozygous mutant embryos (Fig. 8 B) but not in msp-300 complete homozygous mutants (Fig. 8 D) . Interestingly, a similar myonuclei phenotype was also observed in homozygous mutants for the Drosophila SUN domain protein klaroid (koi) (Fig. 8 C) . Thus, before muscle sarcomeric architecture had been established, Klar was the only KASH protein responsible for myonuclear organization, and nuclear organization in various states of muscle differentiation was promoted by distinct mechanisms. The MT network appears to possess the dynamic properties required for myonuclear organization. Consistently, recent data show the active involvement of opposing MT motors in driving robust nuclear dynamics in differentiating CTC12 cells (Wilson and Holzbaur, 2012) . During embryogenesis, MT arrangement in myotubes is polarized with their plus ends close to the MTJ (Clark et al., 1997) . However, after muscle sarcomerization, the MTs undergo a significant rearrangement into astral organization with their plus ends facing the nuclei (shown by staining with EB1; Fig. 1 ). This suggests that nuclear positioning and spacing differs mechanistically between early embryonic and larval stages, i.e., before and after the establishment of sarcomeric architecture. In support of this model, we show that: (a) Klar is the only KASH protein required for nuclear positioning in embryonic myotubes, whereas MSP-300 is dispensable (Fig. 8). (b) The polarity and distribution of the MT network changes during development: in embryos (stage 16), the plus ends are close to the MTJ (Clark et al., 1997) , whereas in striated muscle fibers, the MT forms astral structures surrounding each nucleus with their plus ends facing the nuclear envelope (Fig. 1) . (c) The nuclei are arranged in distinct patterns at each stage; e.g., in the embryonic dorsal acute and oblique However, during muscle fiber growth, each unit might change its relative position as a result of MT growth so that the distance between the myonuclei is maintained. Anchoring of the myonuclei to the core acto-myosin fibrillar compartment is mediated exclusively by MSP-300, which maintains physical continuity between the nuclear ring and the Z-discs, presumably through dimerization of the spectrin repeats capable of forming filaments.
Recent results (Metzger et al., 2012) suggested that reducing KASH proteins from the nuclear membrane (by overexpressing the KASH domain) did not affect nuclear positioning in C2C12 cells. It is possible that residual KASH-dependent activity was present in these cells, capable of rescuing nuclei position.
Our physiological measurements demonstrate the critical contribution of nuclear spacing to larval locomotion and muscle activity, which is consistent with the results of Metzger et al. (2012) . Significantly, our studies further demonstrate that the contribution of MSP-300 to muscle function is more critical relative to that of Klar (as msp-300 3 mutant larvae were significantly slower than klar 1-18 mutant larvae), presumably because MSP-300 affects the positioning of the myonuclei as well as that of the mitochondria and ER. requires the activity of D-Titin/Sallimus, another large protein that associates with the Z-discs (Zhang et al., 2000) . The function of the N-terminal domain of MSP-300 containing the calponinhomology (CH) actin-binding motifs is still elusive because of the early lethality of the homozygous mutants.
Our analysis provides a mechanistic explanation for the severity of Nesprin-related diseases. We suggest that as in Drosophila, Nesprin 1 and 2 and a mammalian klar orthologue (yet to be identified) cooperate to promote myonuclei positioning in vertebrate muscle fibers. Thus, elimination of the KASH domains of both nesprin1 and nesprin2 in mutant mice might still leave a putative mammalian Klar orthologue intact, thereby only partially affecting nuclear positioning in the mutant muscles. However, elimination of additional domains of Nesprin described in Zhang et al. (2010) might abrogate MT organization more profoundly so that other Nesprins are incapable of complementing this situation. In addition, the position of other organelles might be disrupted as observed in msp-300 3 , leading to a more severe phenotype in mice, and possibly also in humans.
A recent study suggested that the amyotrophic lateral sclerosis (ALS)-associated protein VAPB is secreted from motor neurons and promotes the correct positioning of mitochondria in muscle fibers (Han et al., 2012) . It would be interesting to test for a possible functional link between VAPB and MSP-300 activity in promoting mitochondrial positioning in striated muscles.
In summary, our studies provide a mechanistic explanation for the process of myonuclear positioning at distinct developmental stages in striated muscles. These studies may help in the prognosis of the severity of various Nesprin-related diseases in which distinct domains are missing, and provide a basis for future therapeutic approaches. 
Materials and methods
Fly stocks
Generation of the klar null allele
To generate the klar null allele, FLP-mediated recombination was used between two PBac elements, PBac[WH] f06799 and PBac{WH}klarf06231, using established strategies (Parks et al., 2004; Thibault et al., 2004) . This approach generated a deletion of 108 kb of genomic DNA that removes all coding exons of klar as well as the neighboring gene CG13891; the noncoding exon 0 remained intact. We refer to this allele as klar 1-18 because exons 1-18 were removed.
Expression constructs
To generate the GFP-Klar-expressing flies, GFP was amplified from pEGP-C1 (Takara Bio Inc.) and cloned into the KpnI and NotI sites of pUASp. A tobacco etch virus (TEV) protease site was generated by oligonucleotide synthesis and cloned 3 to the GFP gene. Full-length klar  was amplified from the cDNA clone klar1 (Mosley-Bishop et al., 1999) and cloned inframe 3 to the TEV site. The resulting plasmid was injected into Drosophila embryos by Genetic Services, Inc.
muscles, the nuclei are positioned in a typical half circle close to the MTJ, whereas in third instar larvae, the nuclei of the same muscles rearrange and are distributed evenly along the entire muscle fiber. Thus, we suggest that sarcomerization involves a significant rearrangement of the MT network and the nuclei, at the end of which the nuclei are spaced evenly along the muscle fiber and attached to the Z-discs. The mechanism regulating this rearrangement has not been elucidated. We suggest that as part of this rearrangement, MSP-300 is translocated from the MTJ, where it accumulates during embryonic stages (Volk 1992 and unpublished data) into the Z-discs at the end of embryogenesis. Presumably, during this latter stage MSP-300 isoforms containing KASH are produced, and collaborate with Klar to promote the attachment of the astral MT network to the nuclear envelope. Klar function has been previously linked to MTs as a regulator of the MT motors dynein (associated with MT minus ends) and/or kinesin (associated with MT plus ends; Welte et al., 1998; MosleyBishop et al., 1999; Fischer et al., 2004; Patterson et al., 2004; Welte, 2004) . Therefore, Klar function in promoting the association of the MSP-300 nuclear ring and MT plus ends with the nuclear envelope might be mediated through its ability to recruit MT plus-end motors. Nesprin 1 and 2 were also shown to interact with dynein/dynactin and kinesin-1 in developing mouse neurons , and the spectrin repeats region of Nesprin 1 was shown to bind kinesin-2 (Fan and Beck, 2004) . Therefore, Klar can potentially mediate an interaction with MT, which is also consistent with the demonstration that kinesin heavy chain is essential for myonuclei positioning in Drosophila larval muscles (Metzger et al., 2012) . MSP-300 might be indirectly linked to this activity through its association with Klar.
Because muscle size increases dramatically during larval growth, and the number of nuclei remains constant (Beckett and Baylies, 2006) , it is not clear how nuclear spacing is maintained during this growth process. We suggest that similarly to nuclear spacing in preblastoderm embryos (Baker et al., 1993) , the minus ends of the MT associate with each other, whereas the plus ends grow so that the distance between the nuclei remains equal. In this manner, nuclei are able to compare their relative position and maintain even spacing in all directions. A prerequisite for this mechanism is the anchoring of the astral MT to the nuclear membrane in a polarized fashion, and this function is provided by the MSP-300 ring, which might associate with MT in a klarindependent manner.
Our experiments suggest a major function for MSP-300 both in promoting nuclear spacing (cooperatively with Klar) and in mediating anchoring of the nuclei as well as other organelles to the muscle core myofibrillar domain. The spectrin repeats domain is critical for this latter function, as most of it is eliminated in msp-300
3
. Similarly to other proteins containing the spectrin repeats domain, the multiple (52) spectrin repeats are likely to promote formation of MSP-300 dimers that form elongated filaments capable of connecting between different organelles and the cytoskeleton. In striated muscle, we suggest that such filaments connect between the various organelles and the Z-discs. The association of these filaments with the Z-discs Organelle positioning in muscles • Elhanany-Tamir et al.
Confocal microscopy
Immunofluorescence microscopy was performed with a confocal system (LSM710; Carl Zeiss) mounted on a microscope (Axiovert; Carl Zeiss) at room temperature. A C-Apochromat 40×, NA 1.20 water immersion objective lens was used. The digital fluorescent images were processed using LSM software (ZEN 2010) and Photoshop CS (Adobe). 3D images were processed using Volocity software (PerkinElmer).
Online supplemental material Fig. S1 shows a scheme of MSP-300 and klar gene loci and the various alleles used in the present study. Fig. S2 shows confocal scans of muscle nuclei in dorsal muscles of embryonic and larval stages, demonstrating the rearrangement of the nuclei in muscles prior to and following sarcomerization. Online supplemental material is available at http://www.jcb .org/cgi/content/full/jcb.201204102/DC1.
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Fixation and immunostaining Staining of embryos. Embryos were collected, dechorionated, fixed with a mixture of 3% paraformaldehyde and heptane, devitellinized with a methanol-heptane mixture, washed, and incubated with a blocking solution of 10% BSA in PBT (PBS + 0.1% Triton X-100) for 1 h. Embryos were then incubated in primary antibody overnight, washed, incubated in the secondary antibody for 2 h, and washed and submerged in 80% glycerol, followed by mounting using Immu-Mount solution (Thermo Fisher Scientific).
Staining of larval flat preparations. Third instar larvae were selected and pinned on Sylgard plates (silicone elastomer-coated Petri plates, prepared by using a cocktail obtained from Dow Corning). The larvae were slit open, cleaned from fat bodies and organs, and fixed in 4% PFA in PBS for 1 h, followed by blocking with 5% BSA in PBS with 0.1% Triton X-100 (PBT) for 15 min. The preparations were stained with primary antibody in PBT (overnight), washed with PBT, reacted with secondary antibody for 1 h, washed with PBT, and mounted using Immu-Mount solution (Thermo Fisher Scientific) on a glass slide such that the somatic muscles faced the coverslip.
Western blotting and immunoprecipitation
Third instar larvae were collected and crushed in RIPA buffer (1% Triton X-100, 0.1% SDS, 0.15 M NaCl, and 0.05 Tris, pH 7) and protease inhibitors (P 8340; Sigma-Aldrich), then incubated on ice for 10 min. For immunoprecipitation, equal amounts of protein lysate were incubated with protein A/G beads (SC-2003, Santa Cruz Biotechnology, Inc.) coupled with guinea pig anti-MSP-300 polyclonal antibody or mouse anti-GFP monoclonal antibody, overnight at 4°C. Beads were washed three times with the RIPA lysis buffer and boiled in protein sample buffer to elute the proteins. Western analysis was performed according to standard procedures, as described previously (Volk, 1992) .
High molecular weight protein gels High molecular weight proteins were analyzed by SDS-PAGE using 2.5% acrylamide gels strengthened with 1.5% agarose (Burkart et al., 2007) . The gel solution was prewarmed to 50°C in a water bath in 50-ml Falcon tubes. Tetramethylethylenediamine (Temed) was added last and the gel was poured immediately. The gel was run for 1-2 h at 180 V at room temperature. Proteins were transferred to a nitrocellulose membrane by electrophoresis at 500 mA for 6 h in a buffer containing 0.1% (wt/vol) SDS (Tatsumi and Hattori, 1995) .
Larval locomotion assay
Third instar larvae were collected and placed on agar plates (5 cm in diameter) at room temperature. Their movement across the plate was filmed with a video camera (OM-1; Olympus) with known filming velocity. Film frames spanning 20-70 s, showing continuous movement, were used for analysis of distance and movement velocity. Quantification was performed using ImageJ software.
